We report on the minor element composition of pore fluids recovered during Integrated Ocean Drilling Program (IODP) Costa Rica Seismogenesis Project (CRISP) Expedition 334 from two sites (U1378 and U1379) drilled in the slope sediments of the overriding Caribbean plate and one site (U1381) that sampled sediments in the incoming Cocos plate. Sr, Ba, Li, B, and Mn were measured using a Leeman Labs Prodigy inductively coupled plasma-optical emission spectrometry, on acidified dilutions of pore water samples at Oregon State University. H 4 SiO 4 concentrations were determined colorimetrically in unacidified samples using a Thermo Scientific Genesys 10s Vis spectrophotometer at the University of Washington.
Introduction
The Costa Rica Seismogenesis Project (CRISP) was designed to understand the processes that control fault zone behavior during earthquake nucleation and rupture propagation at erosional subduction zones. The CRISP study area, located offshore the Osa Peninsula of Costa Rica, is part of the active and long-lived subduction erosion from Guatemala to Costa Rica (Ranero et al.,
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2000; Ranero and von Huene, 2000; Vannucchi et al., 2004) . This area is characterized by low sediment supply, fast convergence rate, abundant plate interface seismicity, and a change in subducting plate relief along strike (see the "Expedition 334 summary" chapter [Expedition 334 Scientists, 2012a] ). Arcward of the trench, the lower slope consists of a 10-12 km wide frontal prism where a modern sediment apron overlies older sediments that may have been deposited on an older fore-arc basin setting. The first phase of this project focuses on sampling of sediments, fluids, and crustal rocks to fully characterize the eroding material before subduction.
A fundamental component of our understanding of the subduction input focuses on sampling sediments, fluids, and crustal rocks because fluids and associated diagenetic reactions affect hydrological parameters (e.g., permeability and pore pressure) and may regulate the mechanical state of the plate interface at depth. Because of time constraints imposed by a short expedition with high recovery and the importance of fully constraining the fluid regime during Integrated Ocean Drilling Program (IODP) Expedition 334, we concentrated our efforts on collecting samples for postcruise studies, and only a limited number of analyses was carried out onboard. Here we report on the concentration of minor elements of samples collected from coring at two slope sites (Site U1378 on the middle slope and Site U1379 on the upper slope) and at one site on the Cocos plate (Site U1381) (Fig. F1) . These data were used to complement geochemical interpretations based on shipboard results from a second IODP expedition (344) to this margin in 2012 (Harris, Sakaguchi, Petronotis, and the Expedition 344 Scientists, 2013) and strontium isotopic analyses of fluids collected during both Expeditions 334 and 344 (Ross et al., submitted) .
Study sites
The main aim of Expedition 334 was to characterize the sediments in the upper (Site U1379) and middle (Site U1378) slope of the Caribbean plate and the incoming sediment and igneous crust of the Cocos plate (Site U1381). Complete descriptions of the drilling results are in each site chapter of this volume.
Site U1378
Site U1378 is located above the unlocked portion of the plate boundary, as indicated by interplate earthquake relocation and geodetic measurements (LaFemina et al., 2009) . The margin here consists of an upper plate framework wedge underlying about 564 m of slope sediments. Drilling at this site penetrated a landward dipping reflector interpreted as a normal fault cutting through the whole upper plate, which may be directly linked with the plate boundary fluid system. Site U1378 is dominantly composed of a monotonous sequence of silty clay to clay that alternates with widely interspersed centimeterscale sandy layers, which was divided into two main lithostratigraphic units (Fig. F2) . Unit I (~128 m thick) is composed of mainly soft, dark greenish gray terrigenous silty clay. Unit II (~386 m thick) consists predominantly of massive, well consolidated, olivegreen terrigenous clayey silt(stone) and silty clay(stone). Shipboard sedimentologists identified 82 tephra layers, which seem to be quite heterogeneous in composition. The lowermost core recovered from Hole U1378B (Core 334-U1378B-63X) contains a 0.97 m thick sequence of extensively fractured silty claystones.
Site U1379
The shallowest site along the CRISP transect, Site U1379 is thought to overly the locked portion of the subduction zone seismogenic zone in an area where the plate boundary is 4.5 km below seafloor. The sediments are predominantly a monotonous sequence of silty clay to clay that alternates with widely interspersed decimeter-scale sandy layers. Sediments from Site U1379 are divided into five lithostratigraphic units. Unit I, the relatively thin top unit, consists of medium-to coarse-grained sand with abundant shell fragments. Unit II (~650 m thick) is composed of mainly olive-green clayey silt(stone) and silty clay(stone) with minor layers of tephra. The sediments in this unit are massive and well consolidated; the tephra layers are unlithified. Hardened concretions of carbonate mud are present in the interval between Cores 334-U1379C-16H and 40X (~79-305 meters below seafloor [mbsf] ). Unit III (~229 m thick) consists of fining-and coarsening-upward sequences (decimeter thick) of olive-green silty sands and sandstone. Tephra layers are sparse in this unit, accumulating mainly in one sequence within the upper part of the unit. Unit IV (~2 m thick) consists of carbonate-cemented medium-to coarse-grained sand with well-rounded, lithic pebble-sized clasts and thick-walled shell shards. Unit V (~67 m thick) is composed of matrix-supported breccia with clasts of limestone, basalt, and mudstone in a fine sandy matrix intercalated. Pore waters were sampled only from sediments recovered from lithostratigraphic Units I to III (Fig. F3) . Overall, 53 tephra layers (2-45 cm thick) were identified intercalated in the background sedimentation of the different units, the majority of them below 324 mbsf.
Site U1381
Site U1381 targeted the sediment and basement sequences in the incoming Cocos plate. The upper 50 mbsf of sediment at this site is composed of a predominantly monotonous sequence of silty clay to clay (Unit I); which is underlayed by a more pelagic sequence (Unit II), characterized by abundant biogenic components (Fig. F4) . The contact between the basement and the overlying sediment was recovered at ~95 mbsf.
Analytical methods
Pore fluids were collected from whole-round cores that were cut on the catwalk immediately after recovery, capped, and taken to the laboratory for processing using a titanium squeezer, modified after the stainless-steel squeezer of Manheim and Sayles (1974) . Gauge pressures up to 30 MPa were applied using a laboratory hydraulic press to extract pore water. Interstitial water was passed through a prewashed Whatman No. 1 filter fitted above a titanium screen, filtered through a 0.2 µm Gelman polysulfone disposable filter, and subsequently extruded into a precleaned (10% HCl) 60 mL plastic syringe attached to the bottom of the squeezer assembly. Details of the procedure are given in the "Methods" chapter (Expedition 334 Scientists, 2012b).
For the minor element concentration analyses (B, Ba, Fe, Li, Mn, and Sr) , the interstitial water sample aliquot was diluted by a factor of 10 (54 of the Hole U1379C samples; 0.25 mL sample added to 2.25 mL 1% nitric acid) or 15 (all other samples; 0.2 mL sample added to 2.8 mL 1% nitric acid). Only B, Ba, and Li data were collected from the 54 Hole U1379C samples that were diluted 10-fold; and these samples were further diluted 20-fold (0.2 mL diluted sample added to 3.8 mL 1% nitric acid, for a total dilution factor of 200) before acquiring Sr data. Iron and Mn data were not acquired for these samples. Because of the high concentration of matrix salts in the interstitial water samples at the 10-and 15-fold run dilutions, matrix matching of the calibration standards was necessary to achieve accurate results by inductively coupled plasma-optical emission spectrometry. To this end, a matrix solution was prepared from trace-metal-pure salts (NaCl, CaCl 2 , and MgSO 4 ; Sigma Aldrich, USA). These ultrapure salts contributed a not insignificant amount of Ba to the solution, determined to be ~13 nM. This contribution was accounted for when we determined the Ba concentrations in the calibration standards.
The calibration standards used for acquiring B, Ba, and Li data from the 10-fold diluted samples were made in 1% nitric acid from 1000 µg/mL primary standards (Ultra Scientific, USA) and matrix-matched using our matrix solution. Calibration standard dilutions were done by weight, allowing for a concentration to be calculated in each solution. Standards ranged from 0.178 to 18.2 µM Li, 11.3 to 1155 µM B, and 10.3 to 917 nM Ba (accounting for Ba contributed from the matrix solution). Calibration standards used to calculate Sr in these samples were diluted by weight with 1% nitric acid from an in-house stock solution containing 1 µg/mL Sr. These standards were not matrix-matched to the samples, as we assumed the 200-fold dilution would dilute the sample matrix sufficiently. The standards ranged from 0.0441 to 2.04 µM Sr.
The stock standard solution used while running all other samples was prepared from 1000 µg/mL primary standards (Ultra Scientific and BDH Chemical) in a 1% nitric acid solution. This solution contained the following concentrations of elements: B = 108.0 µM, Ba = 1.233 µM, Fe = 5.381 µM, Li = 43.99 µM, Mn = 5.571 µM, and Sr = 27.42 µM. This standard solution was diluted by weight with 1% nitric acid, with dilution factors of 3, 10, 30, 100, and 300, and each dilution was matrix-matched using our matrix solution.
Calibration standards were run multiple times each run day, and the sample concentrations were calculated using a regression of all calibration data points. The daily limit of detection was determined through error analysis of these regressions. The error due to the regression was calculated for each individual standard run, and a second-order polynomial was fit to these error values. The limits of detection reported here are from the point at which the concentration is equal to three times its corresponding error value along this curve. Because this limit was calculated each day, it is variable between runs. Detection limits, corrected for sample dilution, range from 4.3 to 6.4 µM B, 70 to 84 nM Ba, 0.25 to 0.34 µM Fe, 0.82 to 2.4 µM Li, 0.19 to 0.28 µM Mn, and 0.67 to 1.1 µM Sr.
Accuracy and precision of the samples were estimated by repeated analysis of IAPSO standard seawater (Ocean Scientific International Ltd., United Kingdom), with a salinity of 34.993. Values with 2σ errors (n = 26) were B = 452 ± 14 µM, Ba = 631 ± 31 nM, Li = 25.8 ± 0.9 µM, and Sr = 88.0 ± 1.3 µM. Iron and Mn were always below the detection limit for each day's run. For these elements the average ana-lytical precision was estimated from the repeated runs of the standard curves, and was <5% for Fe and ≤2% for Mn.
Dissolved silica concentrations were determined on shore with a Thermo Scientific Genesys 10s Vis spectrophotometer at the University of Washington using the colorimetric method described in Gieskes et al. (1991) . Briefly, the method is based on the production of a yellow silicomolybdate complex and the subsequent reduction of this complex to yield a blue color. Standards and samples were prepared for analysis by diluting 20 times then adding the molybdate solution to the vials. Approximately 15 min was allowed for complexation with the molybdate solution before reduction with a solution consisting of metol sulfite, oxalic acid, and sulfuric acid. After addition of the reducing solution, the samples were allowed to sit for at least 3 h to let the blue color develop before the absorbance was read on the spectrophotometer at a wavelength of 812 nm.
Calibration, check, and drift standards were made from a 3000 µM stock solution prepared by dissolving 0.5642 Na 2 SiF 6 in 1000 mL of artificial seawater (NaCl solution with an ionic strength of 0.7). Calibration was achieved with the following standards: 30, 60, 120, 240, 360, 480, 600, 900, and 1200 µM H 4 SiO 4 . Two check standards, which were prepared from the stock solution but were not part of the calibration curve, with concentrations of 300 and 500 µM were analyzed during each batch of analyses to monitor analytical accuracy. A 480 µM drift standard was analyzed every 5 samples to monitor analytical precision. The average precision of the dissolved silica analyses based on repeated measurement of the 480, 300, and 500 µM standards over a 1 month period was <1%, and the average accuracy based on repeated analysis of the 300 and 500 µM check standards was <1.5%.
Results and discussion
A total of 241 pore fluid samples were analyzed and the data are listed in Tables T1, T2 , and T3.
Downhole distributions of Sr, B, Li, Mn, Ba, and H 4 SiO 4 at Sites U1378 and U1379 are shown in Figures F2  and F3 . The most striking signature within the slope sediment apron cored at these sites is a concomitant increase in Ba, Sr, and H 4 SiO 4 , which at Site U1379 occurs from ~300 to 450 mbsf, with maximum values of 7400 nM, 103 µM, and 435 µM, respectively. At Site U1378, there is a distinct maximum in Ba and H 4 SiO 4 between 10 and 30 mbsf, with Ba ranging from 1067 to 1667 nM and H 4 SiO 4 ranging from 560 to 700 µM; however, Sr decreases within these shallow sediments. In the sediment interval from ~200 to 400 mbsf, there are additional broad maxima in Ba (maximum = 7500 nM) and H 4 SiO 4 (maximum = 740 µM) and a slight but distinct Sr maxima (maximum = 56 µM). Whereas this preliminary data set is not enough to fully constrain the reactions leading to these concentration changes, it is likely that the maxima in Ba and H 4 SiO 4 are associated with alteration of reactive volcanic ash layers and dissolution of biogenic opal, and the Sr concentration reflects both ash alteration and carbonate diagenesis. At Site U1379 only two tephra layers are recognized in the uppermost 324 m of sediment, whereas 29 tephra layers were recognized between 309 and 500 mbsf, which correspond to the broad concentration maxima in Ba, Sr, and H 4 SiO 4 . Intense ash alteration within this interval is confirmed by a marked decrease in the 87 Sr/ 86 Sr ratios measured in pore fluids (Ross et al., submitted) . Tephras at Site U1378 are more widely distributed (Fig. F2) . In Unit I, shipboard sedimentologists identified 21 tephra layers, widely distributed within the background silty clay sediment. Alteration of these silicates releases H 4 SiO 4 , Ba, and Sr to the pore fluids. From the 49 tephra horizons described in Unit II, 38 occur between 205 and 333 mbsf, which is also consistent with the pore water profiles. A decrease in strontium isotope values occurs at Site U1378, but the isotopic distribution at Site U1378 is less congruent with Sr concentration data, possibly due to more carbonate diagenesis at this site (Ross et al., submitted).
Li and B profiles reported from the Costa Rica margin offshore Nicoya (Chan and Kastner, 2000; Kopf et al., 2000) and convergent margins elsewhere (Moriguti and Nakamura, 1998, Teichert et al., 2005) have shown these elements to be modified in response to moderate to high temperatures. Li is released from solid phases at high temperatures, whereas B concentration in fluids have been shown to decrease as alteration proceeds. Li concentrations measured in samples from Sites U1378 and U1379 are lower than seawater values (26 µM) and are relatively constant in the upper 200 mbsf. Deeper than 200 mbsf, there is an increase in concentration with depth, which at Site U1379 leads to a maximum of 74 µM at the bottom of the hole, suggesting diffusional interaction with fluid at a greater depth, where higher temperatures prevail. At Site U1378, Li concentrations increase rapidly to a maximum value of 59 µM at 490 mbsf, followed by a slight decrease to the base of the hole. The zone of elevated Li concentrations at Sites U1378 and U1379 correlates with the broad shear zone observed above the unconformity between the slope apron and underlying wedge material. At Site U1378, this zone extends from ~480 to 550 mbsf and corresponds to a horizon with depleted Cl and Ca concentrations, suggesting that the shear zone supports migration of fluids that originated from a source depth where temperatures are >80°C (see the "Expedition 334 summary" chapter [Expedition 334 Scientists, 2012a] ; Torres et al., 2013) . The decrease in Li concentrations below the shear zone at Site U1378 reflects the presence of a fluid at depth that has interacted with sediment and/ or oceanic basement at a lower temperature. These inferences were confirmed by drilling deeper at this location during Expedition 344 (Harris, Sakaguchi, Petronotis, and the Expedition 344 Scientists, 2013; Torres et al., 2013) .
Marine sediments constitute a major reservoir for boron (Ishikawa and Nakamura, 1993) , an element that is a highly mobile and is involved in various diagenetic processes. An increase in concentration over the seawater value of 450 µM has been observed at various margin settings, and has been attributed to microbial alteration of organic matter, ammonium exchange reactions, and release from clays at higher temperatures (You et al., 1993 (You et al., , 1995 . Although small, the shallow slope sediments cored at Site U1379 show slight enrichments in dissolved B (to 472 µM), and a more developed enrichment is apparent in shallow sediments from Site U1378, with values ranging from 493 to 594 µM in the upper 30 mbsf. Below these shallow maxima, B concentrations decrease with depth to values as low as 180 and 100 µM at Sites U1378 and U1379, respectively. Detrital clay minerals initially adsorb B onto the mineral surface, and with increasing burial during late diagenesis, this element is incorporated in tetrahedral sites of the clay structure, replacing Si (Williams et al., 2001) . However, B is released during smectite to illite conversion, as documented experimentally and in field observations (Williams et al., 2001; Teichert et al., 2005; You et al., 1995) . The lack of an increase in B concentrations with depth at these CRISP slope sites suggests that the B released at depth is overprinted by sorption and incorporation onto clays; a very slight concentration increase at the shear zones may be indicative of a component of clay dehydration reactions, evidenced in the low Cl values measured in pore fluids from the shear zone (see the "Expedition 334 summary" chapter [Expedition 334 Scientists, 2012a] ). However, full evaluation of the processes driving B reactions in the CRISP region awaits results from boron isotopic analyses (Solomon laboratory, in progress).
Mn concentrations at Sites U1378 and U1379 are highly variable, and the discrete maxima in the reducing fluids at these sites possibly indicate alteration of Mn-bearing tephras.
Downhole distributions of Sr, B, Li, Mn, Ba, and H 4 SiO 4 at Site U1381 are shown in Figure F4 . Sr concentrations are close to a modern seawater value of 86 µM from the seafloor to ~45 mbsf and increase slightly downhole from ~45 to ~95 mbsf to a maximum concentration of 104 µM. In the deepest ~10 m of the hole, Sr concentrations decrease slightly toward the sediment/basalt interface. The minor decrease in Sr concentrations observed at the base of the hole must be related to reactions in the oceanic basement, as confirmed by strontium isotope data (Ross et al., submitted).
In the shallowest sample analyzed at ~1.5 mbsf, H 4 SiO 4 concentration (538 µM) is higher than bottom water concentration, which in this region is 180 µM. Silica concentrations increase with depth to ~1080 µM, possibly in response to the dissolution of siliceous phyto-and zooplankton diatoms, radiolarians, and sponge spicules observed in larger abundances in lithostratigraphic Unit II (see the "Expedition 334 summary" chapter [Expedition 334 Scientists, 2012a]).
Ba concentrations throughout the sediment section are very low, between ~250 and 730 nM, and slightly above the bottom seawater concentration of ~240-470 nM. These concentrations are typical of pore fluid Ba values in the pelagic environment, where sulfate concentrations are too high for barite dissolution. No obvious trends are observed in the Ba concentration-depth profile, as expected for this environment. From ~25 mbsf to the bottom of the hole, Mn concentrations increase with depth, similar to the Li profile. This Mn increase has a diffusional shape, suggesting communication with deeper fluid in the oceanic basement that has a higher Mn concentration. As observed in the shallow sediments cored in the slope apron, B shows a slight increase over seawater values to 554 µM, with a general decrease toward seawater values at the bottom of the hole. Figure F2 . Downhole profiles of strontium, barium, silica, lithium, boron, and manganese, Site U1378. Lithostratigraphic column is redrawn from the "Site U1378" chapter (Expedition 334 Scientists, 2012c). Arrows = bottom seawater values, dashed line = lithostratigraphic unit boundary.
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